This study examined the natural diversity and distributions of sulfate-reducing bacteria along a natural carbon gradient extending down the shelf-slope transition zone of the eastern Pacific continental margin. Dissimilatory (bi)sulfite reductase gene sequences (dsrAB) were PCR amplified and cloned from five different sampling sites, each at a discrete depth, from two different margin systems, one off the Pacific coast of Mexico and another off the coast of Washington State. A total of 1,762 clones were recovered and evaluated by restriction fragment length polymorphism (RFLP) analysis. The majority of the gene sequences recovered showed site and depth restricted distributions; however, a limited number of gene sequences were widely distributed within and between the margin systems. Cluster analysis identified 175 unique RFLP patterns, and nucleotide sequences were determined for corresponding clones. Several different continental margin DsrA sequences clustered with those from formally characterized taxa belonging to the delta subdivision of the class Proteobacteria (Desulfobulbus propionicus, Desulfosarcina variabilis) and the Bacillus-Clostridium (Desulfotomaculum putei) divisions, although the majority of the recovered sequences were phylogenetically divergent relative to all of the other DsrA sequences available for comparison. This study revealed extensive new genetic diversity among sulfate-reducing bacteria in continental margin sedimentary habitats, which appears to be tightly coupled to slope depth, specifically carbon bioavailability.
Molecular investigations of microbial communities have brought to light extensive and pervasive microbial diversity throughout nature; however, the interacting biological, chemical, and physical forces that control patterns of diversity are not well defined or understood. Carbon bioavailability is, without question, one important factor impacting microbial community structure and function but is often difficult to measure on meaningful scales or manipulate predictably in natural settings. As a result, carbon manipulation studies are often conducted as laboratory enrichments (2, 14, 15, 16, 34) or largescale field fertilizations (1, 10, 22) . These experimental approaches, however, can oversimplify environmental conditions or produce a multitude of treatment effects that complicate interpretation. Shelf-slope transects of the continental margin sediments constitute a natural gradient in carbon quality and quantity, providing an opportunity to address specific questions about the impacts of carbon on microbial community dynamics as they occur under natural environmental conditions.
The continental margins occupy a relatively small fraction of the ocean floor, but they are among the most productive ecosystems known (53) . Coastal outwelling, seasonal upwelling, and high rates of planktonic photosynthesis provide for localized carbon enrichment of the margins. However, highly reactive photosynthates or cell lysates are quickly oxidized as fixed carbon descends through the water column (25, 45, 51) , progressively enriching the remaining sinking material in more metabolically resistant biomolecules (26) . It is estimated that only 10% of the total primary production reaches depths exceeding 100 m and less than 1% reaches a depth of 3,000 m (18, 51) . Consequently, recalcitrant carbon compounds are expected to be important substrates for metabolism at greater depths. Changes in carbon supplies should have obvious impacts on microbial growth and metabolism but may also result in discrete shifts in community composition and functionality with increasing depth. The magnitude of this relationship, however, has not been investigated.
Carbon cycling in continental margin sediments is coupled to the reduction of a variety of different electron acceptors, including oxygen, nitrate, sulfate, manganese, and iron (5, 24, 48) . Denitrifying bacteria, capable of respiring both O 2 and NO 3 Ϫ , play a major role in carbon and nitrogen cycling in this system (9, 11, 12, 18, 20) , and microbial investigations conducted thus far have focused almost exclusively on this functional guild (3, 43, 44) . In these studies, phylogenetically divergent functional gene sequences from denitrifiers (nirS, nirK, nosZ) were recovered from pure culture isolates and environmental clone libraries. Scala and Kerkhof (44) demonstrated congruency between genetic variability in nosZ and spatial scale, implying that while total denitrifier diversity is high, denitrifying species are apparently restricted by their physiology or ecology to a defined habitat or environmental condition. Those authors attributed these findings to a variety of plausible factors, including perturbation by benthic worms, seasonal fluctuations, and organic carbon. To date, patterns of microbial functional diversity have not been systematically evaluated in the shelf-slope environment. Therefore, it is uncertain whether the findings of Scala and Kerkhof (44) pertain only to denitrifying bacteria in a single margin ecosystem or if they can be generalized to other different metabolic groups and margin systems. Furthermore, the role of carbon in determining patterns of functional diversity remains unclear.
Sulfate reduction is a dominant anaerobic carbon oxidation pathway along the margins (5, 20, 24, 29, 39) , accounting for the oxidation of Ն50% of the total organic carbon in some systems (6, 24, 48) . As a dominant terminal electron-accepting process, sulfate-reducing bacteria should be particularly sensitive to organic carbon dynamics in the continental margins. In this study, the impact of shelf slope depth and presumptive carbon diagenesis on microbial community structure-function was evaluated by assessing the patterns of genetic diversity of continental margin sulfate-reducing assemblages. Dissimilatory (bi)sulfite reductase (dsrAB) gene sequences from specific depths along two geographically distinct, well-characterized continental margin systems were PCR amplified and sequenced. Extensive new genetic diversity was recovered at all depths and sites, and comparative sequence analysis suggests a predominance of novel and/or deeply branching sulfate reducers that have not been described to date.
MATERIALS AND METHODS
Sampling sites and geochemical parameters. Continental margin sediments were collected from five different sampling stations: two off the Pacific coast of Mexico (sampling stations M300 and M306) and three off the coast of Washington State (W301, W306, and W307). Topographic maps of both margin systems identifying all of the sampling sites are provided in Fig. 1 . The Mexican margin is distinguished by a strong oxygen-deficient zone (ODZ), while the more productive Washington margin exhibits profiles that have only the typical North Pacific oxygen minimum, i.e., low concentrations (ϳ25 M) of oxygen but not undetectable oxygen. A comprehensive biogeochemical evaluation of these continental margin systems was provided by Hartnett and Devol (24) . Briefly, sediment cores, with overlying water, were collected with a Soutar box core and stored at in situ temperatures (approximately 5°C). Weight percent organic carbon was determined on freeze-dried, ground sediment samples by the method of Hedges and Stern (27) with either a Carlo Erba 1106 CHN elemental analyzer or a Leeman Laboratories CHNS elemental analyzer. Standard methods were used to measure water column oxygen concentrations (7) . Sulfate reduction rates were integrated over 30-cm sediment cores by measuring reduction of 35 SO 4 2Ϫ by previously described methods (9, 19 Genomic DNA extraction and purification. Total genomic DNA was extracted from 2 g of sediment from each site by previously described methods (57) . High-molecular-weight genomic DNA was further purified by agarose gel electrophoresis (0.8% low-melting-point agarose) and the Wizard DNA Clean-Up Kit (Promega, Madison, Wis.). DNA quantity was determined spectrophotometrically. All nucleic acids were stored at Ϫ70°C until used.
RFLP analysis of dsrAB clone libraries. The dissimilatory (bi)sulfite reductase (dsr) primers used in this study were those of Karkhoff-Schweizer et al. (32) . To minimize PCR artifacts, PCR amplification conditions were optimized on the basis of previous suggestions (41) . PCR mixtures (20-l total volume) consisted of 1ϫ PCR buffer (50 mM KCl, 10 mM Tris-HCl, 0.1% Triton X-100, pH 9.0), 1 mM deoxynucleoside triphosphates, 1.5 mM MgCl 2 , 1 M each primer, 4 g of bovine serum albumin, and 2.5 U of Taq DNA polymerase. The thermal cycling protocol used included initial denaturation at 94°C for 2 min, followed by 25 cycles of 94°C for 30 s, 58°C for 1 min, and 72°C for 1 min. A final extension step of 72°C for 7 min was also used. Amplimers of the expected size (approximately 1.4 kbp) were excised from 0.8% low-melting-point agarose gels and purified with the Wizard PCR Clean-Up system (Promega) in accordance with the manufacturer's instructions. Amplimers were cloned into the pCR2.1 vector with the TA cloning kit (Invitrogen, Carlsbad, Calif.). The cloned inserts were then amplified for restriction fragment length polymorphism (RFLP) analysis with primers specific to the polylinker of the vector pCRII as described previously (56) . The unique dsrAB clone diversity was detected by digestion with the restriction enzymes MspI and RsaI (56) . Jaccard coefficients were calculated for all pairwise comparisons of RFLP banding patterns and dendrograms constructed with the unweighted pair group mean average method in Molecular Analyst (version 1.1; Bio-Rad, Hercules, Calif.). Cohesive groupings of highly similar, although not necessarily identical, RFLP banding patterns were identified, and a representative clone was selected for nucleotide sequence determination.
dsrAB gene sequencing and sequence analysis. To understand phylogenetic diversity, representative dsrAB clones that occurred more than once in a given library, as well as representatives of some of the unique clones as determined by cluster analysis of RFLP banding patterns, were fully sequenced. A cloned insert was PCR amplified as described above and purified with the ArrayIt PCR Purification Kit (TeleChem International Inc., Sunnyvale, Calif.). DNA sequencing was performed with an ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster, Calif.) and an ABI PRISM 3700 DNA analyzer (Applied Biosystems). One microliter (about 30 ng) of purified DNA was used for each sequencing reaction. The vector-specific primers TAF (5Ј-GCCGCCAGTGTGCTGGAATT-3Ј) and TAR (5Ј-TAGATGCATG CTCGAGCGGC-3Ј) were then used for sequencing (41) . DNA sequences were assembled and edited with the Sequencher program, version 4.0 (Gene Codes Corporation, Ann Arbor, Mich.). Nucleotide sequences were aligned with relevant GenBank sequences in CLUSTAL W (49) and translated in GCG (Wisconsin Package, version 10; Genetics Computer Group, Madison, Wis.) (17) . Deduced amino acid sequences were realigned with CLUSTAL W. Unambiguously aligned sequence regions were used to construct bootstrap-supported (500 resamplings) neighbor-joining phylogenies in MEGA (version 2.1; http://megasoftware .net) from Poisson correction distances to account for multiple substitution events.
Nucleotide sequence accession numbers. Continental margin cloned sequences are labeled by margin (Mexico ϭ M, Washington ϭ W), site number (M ϭ 300 or 306, and W ϭ 301, 306, or 307), and an arbitrary clone number. All of the dsrAB sequences described in this study have been submitted to 
RESULTS
Site geochemistry. The primary difference between the Washington and Mexican continental margins is the impingement of the major ODZ on the latter. The ODZ is a major oceanographic feature of the eastern tropical Pacific Ocean in which dissolved oxygen in the water column is undetectable between about 180 and 600 m. Although there is a low-oxygen zone off the coast of Washington State, dissolved oxygen is always detectable (24) . Also associated with ODZs are high sedimentary carbon contents and a major contribution of sulfate reduction to the overall metabolism of the sediments. These conditions are clearly evident in our study sites (Table  1) . Both Mexican margin sites had unmeasurable oxygen concentrations in their overlying waters. In addition, associated with all major marine ODZs are elevated carbon contents, and those off the coast of Mexico are no exception. Although the absolute sulfate reduction rates off the coast of Mexico are only about 1.2 mmol/m 2 /day, they account for about 65% of the total organic carbon oxidation. In contrast, at the shallow station off the coast of Washington, the absolute rate of sulfate reduction is higher than that off the coast of Mexico, but the relative contribution to overall sediment metabolism is significantly less (see reference 24 for a detailed discussion). The high sulfate reduction rate on the Washington shelf (W301) is likely due to the fact that the rain of carbon to the sediments is both greater in absolute amount and higher in quality here than is that to the deeper slope stations (W306 and W307).
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The geochemical parameters (Table 1) were analyzed by principal-components analysis to assess geochemical variability between sites and to identify the geochemical parameters driving this variability. Overall, all of the sites had equivalent component loading factors for PC1 (0.99), except site W301 (0.54). All of the sites combined could explain 85% of the geochemical variability measured in this study. The source of variability between sites was determined by analysis of the individual geochemical parameters measured. Site depth (0.63) and organic carbon content (0.59) received positive loading factors, while oxygen (Ϫ0.96) and sulfate reduction rate (Ϫ0.97) received strong negative loading factors for their contributions to overall geochemical variability. Carbon and depth best explained the geochemical variance among sites (65.4%), implying that sedimentary carbon content, which is dictated by depth, is a key difference among sites.
Pearson correlation matrices were constructed to evaluate covariance between geochemical variables. When the two sets of margin data were combined, a strong positive correlation (0.89) was obtained between oxygen concentrations and sulfate reduction rates. However, this relationship was solely driven by high values for both parameters at site W301. Inverse relationships were observed between sulfate reduction rate and depth (Ϫ0.77) and between oxygen concentration and organic carbon content (Ϫ0.73). When the data were analyzed for each margin system independently, there was a strong positive correlation between site depth and organic carbon content (Ͼ0.99).
RFLP analysis of dsrAB clone libraries. The molecular diversity of dissimilatory (bi)sulfite reductase genes was assessed for five different sampling sites at various depths along two geographically distinct continental margin systems. All of the positive transformants obtained from each site (278 to 409 clones per sampling site) were screened by RFLP analysis; a total of 1,762 clones were evaluated in this study (Table 1) .
RFLP analysis revealed extensive genetic diversity of dsrAB genes for all of the sites examined. The majority of the clones had unique RFLP patterns, i.e., 72, 73, 51, 66, and 47% for M300, M306, W301, W306, and W307, respectively ( Table 1) . The overall clone diversity sampled was considerably lower in the Washington sites because of the dominance of a single RFLP pattern at these locations.
Two RFLP patterns (W-301-015 and W-301-016) were common to all five sampling sites, and one of them (W-301-015) dominated all of the clone libraries (8 to 28% of each sitespecific clone library) except M306 (2% of the clone library). A different RFLP pattern (M-306-203) was more frequently recovered at M306, and it accounted for 4% of that clone library.
On average, all other different RFLP patterns were amplified much less frequently and made up less than 3% of each sitespecific clone library.
Pairwise site comparisons showed that 14 to 22% and 23 to 36% of the total number of clones recovered from any Mexico or Washington site-specific clone library, respectively, were also detected at other sites within the same geographic location ( Table 2 ). The percentage of shared clones between margin systems varied from 6 to 33% (average Ϯ standard deviation [SD], 15% Ϯ 6%) per site library. Averaged, 18% Ϯ 6% of the clones from the Mexican margin were sampled at both Mexico sites, while 30% Ϯ 3% of the Washington margin clones were sampled at multiple locations. Approximately one-third of the W301 clone library was observed at sites M300 and M306. Apparent genotypic similarity between these sites was in large part due to the dominance of a single RFLP pattern in the W301 clone library that was also amplified from both Mexican margin sites.
The distributions of the unique dsrAB patterns were evaluated further. Figure 2 shows the distribution and percent recovery of the unique RFLP banding patterns by site and depth. The dominant RFLP banding pattern (the first data point in each panel) recovered repeatedly from most sites accounted for a sizable fraction at each Mexico margin site (Ͻ30%) but was amplified more readily in the Washington margin (Ͼ60% per site library). The majority of each site-specific clone library, however, was composed of unique RFLP patterns that were amplified more rarely and were not consistently sampled across multiple sites.
Sequence analysis. Altogether, 175 representative dsrAB clones were sequenced. Comparative sequence analyses were conducted on both nucleotide sequences (on average, 531 and 738 comparable positions for dsrA and dsrB, respectively) and translated sequences (on average, 177 and 246 inferred amino acid residues for DsrA and DsrB, respectively) for each sub- unit independently and combined. The resulting subunit phylogenies were largely congruent, differing only in the exact placement of individual sequences within low-order branch clusters (data not shown). Strong parallels across different sulfite reductase subunit gene phylogenies has been documented in several previous studies (8, 33, 50) and provides confidence that each dsrAB amplimer described here was most likely recovered from a single source and was not a PCR artifact (41) . It should be noted that comparisons of longer sequence tracks did result in greater reproducibility and some apparent improvement in low-order branch resolution (dsrAB Ն dsrB Ͼ dsrA and DsrAB Ն DsrB Ͼ DsrA). However, these fine-scale differences did not alter the outcome of any of the sequence comparisons conducted here (data not shown). On the basis of the overwhelming consistency of sulfite reductase subunit gene phylogenies and to maximize the utility of the National Center for Biotechnology Information database, the detailed phylogenetic analyses and discussion hereafter pertain exclusively to dsrA sequences encoding the protein DsrA (134 comparable positions with a sequence mask). The majority of continental margin sulfite reductase gene sequences were considerably divergent from DsrA sequences from all known divisions of sulfate reducers (Fig. 3) . The majority of clone sequences were either deeply branching with no apparent close relatives (DsrA sequences denoted by node A) or formed a previously unrecognized line of descent seemingly affiliated with the delta subdivision of the class Proteobacteria (DsrA sequences are denoted by node B). Few sequences, however, were more strongly related to sulfate-reducing bacteria belonging to the Firmicutes and delta Proteobacteria divisions (Fig. 3) . These results suggest that these continental margin sedimentary habitats could harbor novel sulfate-reducing bacteria.
Two Washington sequences (W-307-046 and W-307-294) clustered with DsrA of Desulfotomaculum putei; however, the sequence similarity scores were weak (55 and 61%, respectively) over the sequence region compared. Both W307 sequences also clustered with DsrA from other members of the Bacillus-Clostridium division (Desulfotomaculum spp., Desulfosporosinus orientis, Desulfitobacterium dehalogenans, and Desulfitobacterium hafniense), but sequence identity scores were unchanged (data not shown). The consistency of this clustering pattern suggests that these two clone sequences may be affiliated with the Bacillus-Clostridium division but could correspond to new gram-positive sulfate-reducing taxa (58% sequence identity to each other).
Five of the Mexico sequences (M-300-374, M-306-064, M-300-119, M-300-307, and M-300-304) formed two cohesive clusters (labeled I and II) with DsrA sequences from presumed symbionts of the hydrothermal vent polychaete annelid Alvinella pompejana (sampled at a depth of 2,620 m on the East Pacific Rise; 13) (Fig. 3) . Sequence M-300-374 was 88 to 92% similar to the symbiont DsrA sequences in cluster I. DsrA from Desulfobulbus propionicus was 79% identical to M-300-374; however, this level of sequence similarity likely signifies at least a different genus. The remaining four sequences formed a consistent cluster (II) with the other symbiont DsrA sequences (88% overall homology). Each of these Mexico sequences was 81 to 90% identical to any symbiont sequence within cluster II, and no known sulfate reducer sequence showed significant homology to these sequences.
Three Mexico sequences (M-300-372, M-300-373, and M-300-226; 95% homology) and the divergent lineage of sequences marked by node B (81% overall homology) clustered most closely with DsrA of Desulfosarcina variabilis. Sequences M-300-372 and M-300-226 were 74% similar to DsrA of D. variabilis, while M-300-373 was 77% similar. Divergent sequences marked by node B were Յ81% identical to DsrA of D. variabilis. A single deep-sea cold CH 4 seep DsrA sequence (BAA90313) showed significant homology (Ն98.5% identity) to continental margin sequences W-307-308, M-300-249, and W-307-149 within the node B lineage. All of these continental margin sequences were equally homologous to other different sulfate reducer genera belonging to the same phylogenetic lineage as D. variabilis (i.e., Desulfofaba gelida, Desulfobotulus sapovorans, and Desulfococcus multivorans; data not shown), and this grouping pattern was consistent.
The great majority of the continental margin DsrA sequences recovered (75% of the sequenced clones) were deeply branching and showed no apparent relationship to known sulfate reducer species (node A sequence lineage, Fig. 3 ). Clones corresponding to the dominant RFLP pattern recovered from all of the sites and depths belonged to this lineage; the col- lapsed sequence clade containing these sequences is marked in Fig. 3 . A single deep-sea cold CH 4 seep sequence (BAA90321) showed considerable sequence homology to several Washington clone sequences within this deep lineage (95.3% identity to W-307-298 and 96.6% identity to W-306-762). The sequences to the right of node A were considerably divergent (Յ43% identity) from DsrA of Desulfotomaculum putei, Desulfobulbus propionicus, Desulforhopalus vacuolatus, and Desulfovibrio vulgaris. Sequence comparisons to other different siroheme-containing redox enzymes (i.e., nitrite reductase and the "reverse" sulfite reductase of Allochromatium vinosum; data not shown) were made, but the sequence identity scores were Յ20%. The continental margin DsrA sequences in node A may be representative of a previously unrecognized deep-branching sulfate reducer lineage. Phylogenetic reconstructions with these sequences were consistently rooted by DsrA from Thermodesulfovibrio islandicus, belonging to the Nitrospira division, and Pyrobaculum islandicum, a hyperthermophilic archaeon.
DISCUSSION
The continental margins are major depositional environments for organic carbon on a global scale (40, 52) , but the ultimate fate of this carbon is largely determined by the activities of the native microbiota. The relative contribution of sulfate reduction to the overall carbon oxidation in the margins is significant (24, 30) but varies with increasing depth and distance offshore (24) . Although the deeper sampling sites on each margin had higher carbon concentrations, sulfate reduction rates decreased with increasing depth, reaching nearly undetectable levels at 997 m (W307). Several previous studies have shown that as organic carbon descends through the water column, labile compounds are preferentially oxidized, leaving behind recalcitrant carbon compounds that are less susceptible to enzymatic degradation (18, 45, 51) . Thus, both the absolute amount of carbon reaching the sediment floor and the overall bioavailability decrease as the water depth increases (24) (25) (26) . Therefore, we presume that overall carbon bioavailability decreases with increasing slope depth despite the increased concentration and that accumulated carbon compounds were largely refractory and an inadequate carbon and energy source for sulfate reducer metabolism. Moreover, the highest rates of sulfate reduction were measured at the shallowest depth examined (W301 at 119 m), where labile carbon supplies likely reach the sediment floor and are turned over quickly (25, 51) . Relative trends in interstitial pore water parameters (NH 4 ϩ , PO 4 3Ϫ , dissolved iron, and manganese) have been shown previously to be similar between the Mexican and Washington margin systems, although absolute concentrations and overall productivity differ (23, 24) . Other environmental factors not measured in this study could vary with increasing slope depth and contribute significantly to the patterns observed here; however, carbon flux and compound bioavailability appear to be important variables. The continental margin provides a natural experimental system with which to examine the relative impacts of carbon on sulfate reducer diversity and distributions.
Contrary to conventional expectations for "strict" anaerobes, sulfate reduction rates appeared to parallel oxygen concentrations along the Washington margin shelf-slope transition zone. Relatively few data points are presented here, but the overall trend is supported by the comprehensive data set of Hartnett and Devol (24) . The highest rates of SO 4 2Ϫ reduction were measured at the most oxic site examined (W301), and activity at this location was markedly higher than that at both sites occurring within the ODZ of the Mexican margin system. As is often typical for highly productive shallow marine sediments, the demands of oxygenic respiration often exceed diffusive supplies, leading to the depletion of oxygen within the upper few millimeters to centimeters of surface sediment (4, 24) . High rates of aerobic respiration likely produce anaerobic microenvironments within oxic surface layers, as well as drive deeper sediments anoxic. Still, several recent studies have demonstrated that oxygen may not be a strong deterrent for some sulfate-reducing taxa (21, (36) (37) (38) or inhibitory to sulfate reduction activity (6, 31) . In the continental margins studied, it is likely that the labile carbon supply, which diminishes with depth, is a primary controlling factor for sulfate reduction. Large labile carbon fluxes to the shallow sediments overpower the oxygen and other higher-order electron acceptors, leaving conditions favorable for sulfate reduction.
Several different continental margin DsrA clones showed presumptive membership to the Firmicutes and delta Proteobacteria divisions by consistently clustering with sequences from known taxa. On the basis of the genus level dsrA proteincoding sequence similarity scores of known taxa (i.e., Desulfotomaculum spp., Desulfosarcina spp., and Desulfobulbus spp.), the different continental margin sequences recovered could represent novel species but most likely new genera within different formally characterized lineages. Interestingly, the Desulfotomaculum-like sequences were recovered from Washington margin site W307, the deepest and likely the most carbonstressed site included in this study. Several other molecular investigations have reported Desulfotomaculum spp. thriving under a variety of harsh environmental conditions, including uranium mine tailings (8) and heavy-metal-contaminated estuarine sediments (47) . The extensive physiological capabilities, namely, spore production and utilization of a great many different electron donors and acceptors (54) , of the Desulfotomaculum spp. seemingly permit adaptation to anthropogenically impacted or otherwise challenging environmental conditions (e.g., reference 46).
Desulfosarcina-and Desulfobulbus-like sequences were frequently recovered from sites M300 and W307, but few corresponding sequences were also recovered from other different sampling sites. These genera have been shown previously to numerically dominate freshwater (35) and vegetated marine sediments (28, 42) . Strains within these different genera are capable of oxidizing a great variety of different electron donors completely to CO 2 (55) , which would clearly provide a competitive advantage in environments where a broad range of carbon compounds are readily available. Sites M300 and W307 had higher carbon contents than all of the other sites examined within each respective margin system, although these carbon supplies are expected to be largely refractory. Assuming physiological likeness to the closest phylogenetic relatives, metabolic versatility may permit ample oxidation of refractory carbon compounds to support the growth of these organisms. Nonetheless, until these organisms are cultivated, extrapolation of physiological capabilities from comparative gene sequence analyses should be considered extremely tenuous. VOL. 69, 2003 MOLECULAR DIVERSITY OF SULFATE-REDUCING BACTERIA 6079
The most relevant environmentally recovered database sequences for comparison were those cloned from putative symbionts of a deep-sea hydrothermal vent polychaete annelid (13) and a deep-sea cold CH 4 seep (T. Fukuba and T. Naganuma, direct sequence submission to GenBank, 2000). Different CH 4 seep cloned sequences corresponded to both Washington and Mexico cloned sequences, while all of the hydrothermal vent polychaete symbiont sequences clustered exclusively with Mexican margin sequences. The latter sequence pairing was somewhat unexpected considering the sharp physicochemical distinctions between these systems; the only identifiable commonality was the close geographic proximity of the Mexican margin and the deep-sea hydrothermal vent system (East Pacific Rise). This finding seemingly corroborates a conclusion of limited distribution for the majority of recovered sulfate-reducing taxa and indicates that perhaps geographic scale is a better predictor of genetic similarity than habitat type. Spatially scalable patterns of genetic diversity have also been observed for denitrifying bacteria in the continental margins (44) .
Extensive new sulfate reducer gene sequences were obtained from both continental margin systems and all sampling sites ranging in depth from 119 to 997 m. In contrast to this study, most recent environmental surveys of sulfate reducers have adopted the revised forward primer of Wagner et al. (50) , approximately 490 nucleotides upstream of the forward primer used here. Consequently, numerous environmentally recovered National Center for Biotechnology Information database sequences were not comparable because of limited sequence overlap. It is therefore uncertain whether many of our sequences represent potentially novel phylotypes or if similar sequences have been catalogued in other systems. Nonetheless, the majority of these sequences were evolutionarily divergent from all of the authentic Bacteria and Archaea sulfate reducer species that have been formally described to date.
The GϩC content of the sequenced continental margin sulfite reductase gene sequences (48 to 66% GϩC; mean Ϯ SD ϭ 59% Ϯ 4%) fell within the range of the five known divisions of sulfate-reducing prokaryotes (for a summary, see reference 33). However, sequences descending from node A, which accounted for 75% of the recovered sequences, were as high as or exceeded the most GϩC-rich dsrAB sequences documented to date (delta subdivision of the class Proteobacteria, 47 to 62% GϩC), ranging from 55 to 66% (mean Ϯ SD ϭ 61% Ϯ 2%). Continental margin nosZ genes recovered by Scala and Kerkhof (43) were also examined for a comparable shift in percent GϩC content, but no significant differences were found relative to all of the other nosZ database sequences (data not shown). The overwhelming predominance of GϩC-rich dsrAB sequences in the continental margin sediments sampled in this study may be ecologically relevant but cannot be fully determined in the absence of pure cultures. Thus, further efforts are needed to isolate the novel sulfate-reducing bacteria revealed by dsrAB sequences, to establish their physiological and ecological functions, and to understand their potential roles in carbon dynamics in marine sediments.
